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ABSTRACT
Acosta, Roberto, I., M.S., Department of Physics, Wright State University, 2010.
Ostwald Ripening of Iron (Fe) Catalyst Nanoparticles on Aluminum Oxide Surfaces
(Al2O3) for the Growth of Carbon Nanotubes

Theoretical models have proposed that the nucleation and growth mechanism of
carbon nanotubes (CNTs) has been affected by the catalytic activity of transition metals.
The catalyst behavior during growth has been mainly associated as the responsible
mechanism for the termination of CNT growth. Although several hypotheses have been
developed to explain this mechanism, is still today an unresolved phenomenon. It was
recently shown that the Ostwald ripening of iron (Fe) nanoparticles played a dominant
role in the termination of CNT growth. The Ostwald ripening mechanism was further
investigated as a function of thermal annealing in Hydrogen (H2) for iron (Fe) catalyst
nanoparticles on various surfaces of aluminum oxide (i.e. sputtered alumina (a-Al2O3),
and C- face sapphire (-Al2O3)).
Experimental results showed that the growth kinetics of Fe nanoparticles on aAl2O3 and -Al2O3 obeyed the Ostwald ripening mechanism. The proportionality
constant (K) for the kinetic equation of the Lyfshitz-Slyozov-Wagner (LSW) theory was
calculated for a-Al2O3 and -Al2O3, Ka-Al2O3 = 1.423 x 10-29 m3 s-1, and K-Al2O3 = 7.145 x
10-29 m3 s-1. The log-normal particle size distribution for the Fe nanoparticles was studied
as a function of annealing time in H2 for 5, 10, and 15 minutes. It was found that the
ripening of the particles is dependent on the surface, where a-Al2O3 < -Al2O3. Then,
after the growth of SWNTs, the particle size distribution of Fe was also investigated on
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C- and A- face sapphire surfaces. Experimental results showed that the Ostwald ripening
rate of the catalyst nanoparticles is higher for the A- face than the C- face sapphire. The
synthesis of SWNTs resulted in randomly oriented tubes on the C- face sapphire; as
opposed to aligned tubes on the A- face sapphire surfaces. The SWNTs aligned along the
specific crystalline directions corresponding to the anisotropic pseudo-1D array of Al
atoms on the sapphire surface. The Ostwald ripening effect and the synthesis of SWNTs,
was characterized by atomic force microscopy (AFM), scanning electron microscopy
(SEM), and Raman Spectroscopy.
Due to experimental constraints, a theoretical prediction to modify the LSW
theory was not developed at this instance. It is predicted that the particle size distribution
will not agree with the LSW theory or with modified LSW equations, probably due to
other conditions not included in the Ostwald ripening theory. This disagreement may be
due to the existence of multiple and complex variables linked to the growth of CNTs,
which are not taken into account in modern coarsening theories. Therefore, it is essential
to further quantify all the associated variables that are responsible for the termination
growth mechanism of CNTs. The development of a robust kinetic equation that can be
coupled to experimentations would be necessary for the achievement of a more realistic
Ostwald ripening model.
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Chapter 1: Rationale
1.1

Introduction
The Air Force’s needs and requirement for stronger, lighter and more durable

aerospace materials for unmanned aerial vehicles (UAVs) has been a driving force behind
efforts to explore and understand the fundamentals of carbon nanotube (CNT)
termination of growth. Termination of CNT growth reduces yield, decreases purity, and
limits length, hindering the full development of advance aerospace platforms with unique
electro-optical characteristics that are vital for national security. We aim to develop an
understanding of what drives catalyst lifetime, and use that understanding to improve
growth. Since the growth of CNTs is dependent upon environmental conditions [1] (such
as: catalyst, support, carbon feedstock, temperature, time, further discussed in section
1.2.) it is necessary to develop a hypothesis that takes into account growth conditions, in
order to explain the limiting factor of CNT growth.
After Iijima’s observation [2] in 1991 using High-Resolution Transmission
Electron Microscopy (HRTEM), of a so called “helical microtubule of graphitic carbon”,
the CNT field was born. Iijima’s observations of this “microtubule graphitic structure”
are what we know today as multiwall carbon nanotubes (MWNT) [2]. Many scientists
jumped into the field of CNT, stimulated by the remarkable 1-dimensional (1D) quantum
effects predicted for their electronic properties, promising vast possibilities for unique
applications [3,4] not offered by any material before (field-effect transistors [5] or CNTbased gas sensor [6]).
1

Single wall carbon nanotubes (SWNTs) were discovered experimentally by Iijima
and his group at NEC laboratory [7], and Bethune at the IBM Almade laboratory [8].
One of the most notable theoretical predictions was, that CNTs could be either
semiconducting or metallic depending on their geometrical characteristics, namely their
diameter and orientation of their hexagon with respect to the tube axis (chiral angle)
[9,10,11] as shown in Fig. 1.1. These theoretical predictions were corroborated in 1998
by the Smalley and Lieber groups [12,13]. CNTs exhibit better physical properties than
any other material known before their discovery. The tensile strength of a CNT is 100
times higher than that of steel of the same diameter [14]. Two things account for this
higher tensile strength: (I) The carbon-carbon (C-C) covalent bonds and (II) that a CNT is
a large molecule of carbon atoms eliminating edge on grain boundaries that form steel.
Furthermore, by the use of an atomic force microscope (AFM) CNTs has shown that the
bonds in the atomic lattices don’t break when bended or compressed [14]. Also, CNTs
have a Young’s modulus 5 times higher than steel due to the carbon-carbon atomic
bonding. Therefore CNTs make a perfect composite material since its strong, elastic, and
lightweight, with a density about one quarter that of steel. Other fascinating property is
that CNTs posses a high thermal conductivity; where it has been predicted 10 times
higher than steel [14]. As opposed to metals that transmit heat by the movement of
electrons, CNTs conduct heat by ballistic phonon propagation. When electrons travel
through a metal there is electrical resistivity but in a CNT an electron travels with
quantum movement called ballistic transport. Moreover, carbon atoms in nanotubes have
2

the ability to covalently bond with other atoms or molecules (called functionalization). It
is for all this reasons that CNTs are better than any other material.

It is crucial to

understand the fundamentals behind SWNTs in order to exploit all these physical
properties on the development of advance bio-sensors [15], electrochemical energy
storage devices [16], and composite matrixes [17], among others.

Figure 1.1 The three possible structures of a CNT from [18] is further discussed in section 2.1. (a) armchair
(b) zigzag, and (c) chiral.

Unfortunately, after more than a decade, issues with CNT synthesis continue to
exist due to a poor understanding of the growth process. The CNT product results in a
wide range of diameters, length, electronic type (semiconducting or metallic), and
catalyst/carbon impurities [19]. It is for this reason that several hypotheses have been
proposed, all trying to explain the termination mechanism of CNT growth. In order to
3

understand the CNT synthesis process, the most common techniques will be discussed
with an emphasis on catalytic chemical vapor deposition (CVD).

1.2

Synthesis of CNTs
Currently, there are three methods to synthesize CNTs: arc-discharge [20], laser-

ablation [21], and catalytic chemical vapor deposition (CVD) [22,23]. The first CNTs
were produced as an accident from the arc-discharge technique by Ijima [7] who was
trying to produce fullerenes. An important consideration in the synthesis of CNTs is the
selectivity. Many definitions exist for selectivity, and the most common is the ratio of
the mass of CNTs produced to the total mass recovered from synthesis [24] (i.e. a
selectivity of 70% reflects 30% contaminants such as: amorphous carbon, fullerenes,
graphite sheets, etc). Another important consideration is the carbon yield (conversion),
which is defined as the percentage of consumed carbon converted to CNTs.
Figure 1.2 shows a schematic diagram of the experimental setup for the arcdischarge (Fig. 1.2a), and the laser-ablation (Fig. 1.2b) techniques for CNT synthesis.
Arc-discharge involves the growth of CNTs on graphite electrodes by applying a direct
current (dc) to evaporate the carbon in the presence of an inert gas, as shown in Fig 1.2a
Figure 1.2b shows the apparatus used by Guo et.al [21], where SWNTs were synthesized
by the laser vaporization of a mixture of graphite and transition metals located on a
target.

4

Both methods require a solid-state carbon precursor such a graphitic target for
CNT growth, involving high temperatures (> 1000 oC) [25] for the reaction.

Both

methods have the advantage of producing high-quality and nearly perfect CNTs, but
produce a considerable amount of by-products. Since the carbon precursor for laser
ablation and arc discharge is in a solid-state form, it limits the ability to produce
impurity-free CNTs. Since both techniques result in a combination of multi, double, and
single walls nanotubes, it is not possible to selectively produce pure MWNTs or SWNTs.
While arc discharge and laser ablation produce only tangled nanotubes mixed randomly
with byproducts, chemical vapor deposition (CVD) provides a more controlled synthesis
mechanism for CNTs. For SWNTs, none of the three synthesis methods has been able to
produce bulk materials with homogenous diameters and chiral distribution thus far.

5

Figure 1.2. Schematic diagram of (a) Arc-discharge setup (adapted from [20]). (b) Laser-ablation
apparatus (adapted from [21])

1.2.1

Catalytic CVD
CVD is the decomposition of hydrocarbons in the presence of a catalyst (typically

transition metals).

CVD utilizes hydrocarbon gases as carbon feedstock and lower

synthesis temperature (500-1000oC) [25].

By the use of the CVD method, nanotubes

where first synthesized by Yacaman et.al. (1993) [22], Ivanov et.al. (1994) [23], and
Amelinckx et. al. (1994) [26]. Another advantage to the CVD process is the selectivity of
the carbon precursor for the synthesis of high-purity or byproduct “free” SWNTs (section
1.2.1.3). Figure 1.3 shows a schematic diagram of a typical CVD apparatus to synthesize
CNTs.

6

CVD has been able to produce SWNTs with high crystallinity and perfection as
compared to those of arc and laser vaporization techniques, as revealed by electrical
transport, microscopy, and spectroscopy measurements [25]. CVD offers the advantage
to provide a more controllable synthesis for CNTs due to the wide choices of carbon
precursors as hydrocarbon or alcohol forms (section 1.2.1.3) at a much lower synthesis
temperature than laser or arc methods. Since the CVD is a continuous process, it is the
best-known technique to produce high yield with low impurities nanotubes [27].
In a typical CVD reaction (Fig. 1.3): (I) transition metal catalyst nanoparticles are
deposited on a substrate or support. (II) The substrate with the catalyst is placed on a
sample holder and inserted at the center of the tube (typically quartz or ceramic) and
sealed either at atmospheric or low pressure. (III) An inert gas (typically argon) and
hydrogen are introduced to reduce the catalyst as well for a better control of the carbon
concentration in the gas phase. (IV) The tube is heated by a resistance furnace, and (V) a
hydrocarbon source is introduced (typically methane or ethylene gas) while the reaction
takes places for a certain time. It is important to understand how the selectivity of
catalyst, support material, and carbon feedstock, affects the nucleation and growth
mechanism of CNTs.

7

Figure 1.3 Schematic set-up of a typical thermal CVD for CNT growth

1.2.1.1 Catalyst
Most CNT synthesis requires the introduction of catalyst particles [28] so that the
nanotubes grow at the catalyst sites. The metal catalytic activity will affect the growth
and morphology of the tubes as noted by Nagaraju et.al [29] using Fe, Co and Fe/Co
supported on alumina (Al2O3) or silica (SiO2).

They found that the best yield of

MWNTs were obtained at 700 oC on Al2O3(P) (hydrated alumina) prepared from
Al2O3(C) (aluminum isopropoxide) with a mixture of 2.5 wt.% Fe and Co catalyst
particles. A comparison for the catalytic activity of Fe, Co, and Ni over laser-treated
vanadium support on the decomposition of acetylene has been reported by Seo et. al.
[30]. The best quality CNTs were obtained with Fe catalyst particles, resulting in high
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density and small diameters (10-15nm). Also, a study made by Lee et.al [31] revealed
that the CNT growth rate is dependent on the catalyst type, in the order of Ni > Co > Fe.
The average CNT diameter follows a sequence of Fe, Co and Ni catalysts, and the
nanotubes crystallinity (degree of structural order in a solid) from Fe particles is higher
than that from Ni or Co catalyst. Therefore, the growth rate, diameter, and crystallinity
are dependent on the selection of the catalyst particles.
Other studies have been done with dispersed magnetic fluids catalysts by Cho
et.al [32] for the synthesis of CNTs. The application of magnetic fluid of surfactantcoated magnetite (Fe3O4) nanoparticles by spin coating on Si substrates resulted in dense
and aligned CNTs as seen in Fig. 1.4d.

Also, the interaction between catalyst

nanoparticles on various support materials has shown to affect the nucleation and growth
of CNTs.
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Figure 1.4 Scanning electron microscope (SEM) image from [32] showing the morphologies of SWNTs
grown on (a) Fe3O4 particles (b) Fe3O4 magnetic fluid (c) Fe3O4 particles mixed in polyvinyl alcohol (PVA)
(d) Fe3O4 magnetic fluid mixed in PVA
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1.2.1.2 Support Material
It has been discussed elsewhere [33,34] that supporting metal catalyst particles on
oxides, clays or zeolites contributes to the catalytic activity of CNT synthesis. The
catalytic properties of the catalyst-support combination depend on the interaction
between the catalyst and support material [29].

CVD methods exhibit limited catalyst

productivity for SWNTs, where Su et.al [35] achieved high-quality tubes, greater than
200% the weight of the catalyst for large scale production. The interactions between the
aerogel support and Fe/Mo catalyst as well as the surface area of the support contributed
to their improvements.
Ward et.al proposed that the ideal substrate for SWNT growth was spun-on
alumina with Fe catalyst particles [36]. Hongo et.al [37] investigated the dependence of
the orientation of SWNTs as a function of the crystallographic faces of Fe-coated
sapphire substrates (i.e. A-, R-, and C-faces). It was shown that the yield of SWNTs is
strongly dependent on the orientation of the crystallographic faces of sapphire, where the
catalyst-support materials played an important role for the synthesis. Moreover, Hongo
et.al [38] found that highly aligned and isolated SWNTs were grown on the R-face and
A-face versus randomly oriented tubes on the C-face sapphire substrates. Not only the
catalyst-support material pair is a determining factor to achieve desired SWNT growth,
but also the selection of a carbon precursor plays an important role on the same [39,40].
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1.2.1.3 Carbon Precursor and Inert Gas
Hydrocarbons such as: methane (CH4), Ethane (C2H6), Acetylene (HC2H),
ethylene (C2H4), and toluene (C6H5CH3) have been commonly used as carbon precursor
for CNTs [28,35]. The chamber is kept in vacuum during the process to avoid the
oxidation of the carbon with a continuous gas flow of an inert gas, typically Nitrogen or
Argon. Generally, the CNT reaction temperature is in the range of 550 oC to 1000 oC.
Not only does the selection of the catalyst-support pair plays an important role on
optimizing the CNT product, but it is also affected by other environmental conditions
such as time, temperature and gas flow rates [41]. All of these environmental parameters
are adjusted in order to optimize nucleation and growth.
S. Maruyama et.al. [42] reported on obtaining high-purity SWNTs at low
synthesis temperature using alcohol as carbon precursor. Due to the etching effect of
decomposed OH* reacting on C atoms with a dangling bond to form CO, impurities were
suppressed (i.e. a-C, MWNTs, metal particles) at low growth temperatures with ethanol
(C2H5OH) such as 700oC-800oC. Also, it was reported that methanol (CH3OH) as carbon
precursor resulted on high-purity CNTs at a much lower temperature (500oC) than
ethanol. Therefore alcohols provided a better carbon source than hydrocarbons due to
decomposed OH*, where it efficiently remove a-C during reaction using H2O2 [43]. It
has been known that the reaction of OH* to solid carbon reduces the formation of soot
combustion chemistry [44]. The OH* inhibit the formation of all these side-products,
resulting on a cleaner synthesis process [45].
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Hydrogen (H2) gas is used to reduce the oxygen (O2) content in the CVD
environment [46]. Typically inert gas flow rate and exposure time is larger than the
carbon source, where reaction time depends on the desired CNT product.
Since the CNT product is dependent on the selection of carbon precursor,
catalyst-support pair, and environmental conditions, is imperative to understand why they
stop growing and its fundamentals. Since termination of CNT growth reduces yield,
decreases purity and limits length we aim to understand what drives catalyst lifetime and
use that understanding to improve growth. The objective is to study the kinetics of the
catalyst Ostwald ripening rates in CNT growth conditions. This will be done by a
quantitative analysis (number density and average diameter) of the Ostwald ripening rates
of Fe on single crystal and amorphous aluminum oxide (alumina) surfaces. This will lead
to the development of a tool for rational design of catalyst for CNTs.
Chapter 2 will provide an overview of the physical properties of CNTs, the
structure of aluminum oxide (Al2O3) and magnetite (Fe3O4) that were used in this work as
support and catalyst, respectively.

Termination of CNT growth hypotheses will be

further discussed as well to the Ostwald ripening theory as a proposed mechanism that
inhibit CNT growth.
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Chapter 2: Background

2.1

Properties of CNTs
CNTs structure seems as cylinders derived from the honeycomb lattice

representing a single atomic layer of crystalline graphite called graphene sheet, as shown
in Fig. 2.1 [47,48]. The structure of a SWNT is explained in terms of its 1-dimensional
(1D) unit cell, defined by the vectors Ch (chiral vector) and T (translation vector) in Fig.
2.1.

Figure 2.1 Honeycomb lattice of graphene sheet [47]. When connecting sites O and A, and B and B’, a
nanotube can be constructed (the roll-up of a graphene sheet to form a SWNT) [48].
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The chiral vector is defined by (1), where a1 and a2 are the real space unit vectors
of the hexagonal lattice defined in (2), where a, is the lattice constant of 2-dimensional
(2D) graphite. The circumference of any CNT is expressed as Ch, which connects two
crystallographically equivalent sites on a 2D graphene sheet in Fig. 2.1. The construction
of a CNT depends on the pair of integers (n,m) which define Ch. From Fig 2.1, the chiral
angle  is defined as the angle between Ch and a1 with values 0

| |

30°, due to the

hexagonal symmetry of the honeycomb lattice. The chiral angle represents the tilt angle
of the hexagons with respect to the direction of the tube axis, and  indicates the spiral
symmetry. Therefore by taking the inner product of Ch and a1, it is obtained (3).
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The translation vector T is the unit vector of a 1D CNT. T is parallel to the tube
axis and is normal to Ch as shown in Fig. 2.1. T can be expressed in terms of a1 and a2 as
(4). We can see from Fig. 2.1 that T is the first lattice point of the 2D graphene sheet
normal to Ch. The expressions t1 and t2 can be obtained by Ch x T = 0 and is defined by
(5). Only three types of CNT can be generated when rolling-up the graphene sheet into a
cylinder as shown below in Fig. 2.1, these are the zigzag, armchair and chiral nanotubes.

,

,

,

(4)

,

(5)

In (5) dR is defined as the greatest common divisor or gcd of (2m+n ) and (2n+m). For d
as the gcd of n and m, dR can be related by d by (6) as [47]:

3
3

3

(6)

CNTs are classified as zigzag, armchair, and chiral nanotubes, this is the
orientation of the six-membered carbon ring in the honeycomb lattice relative to the axis
of the tube as shown in Fig. 2.2. Figure 2.2 shows the terminations of the three types of
CNTs. These terminations are known as end caps and consist of a “hemisphere” of a
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fullerene. The symmetry classification for CNT is either achiral or chiral. An achiral
tube is whose mirror image has an identical structure to the original. Achiral exist only
for armchair and zigzag nanotubes, were its name came from the shape of the crosssectional ring as shown in Fig. 2.2 (a) and (b), respectively. A chiral tube shows a spiral
symmetry, whose mirror image cannot be superposed on to the original tube.
For the (n,m) vector notation for Ch, the vector (n,0) indicate zigzag nanotubes,
(n,n) for armchair nanotubes, and all other vectors (n,m) indicaes chiral nanotubes. The
CNT diameter dt is defined by (7) as:

√3

(7)

Where Ch is the length of the vector Ch, aC-C is the C-C bond length (1.42 ), and
the chiral angle  is defined by (8):

tan

√3

(8)

2
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Figure 2.2 Symmetry classifications of CNTs: (a) armchair, (b) zigzag, and (c) chiral nanotubes from [3].

From (8) it follows that for (n,n)  = 30, and for (n,0)  = 60, but limiting
0

| |

30 , then by symmetry  = 0 for (n,n) [3]. Where (n,n) and (n,0) CNTs

have a mirror plane, as a result consider achiral. It’s necessary to introduce the symmetry
vector

| , where  is the angle of rotation around the tube axis and  is the

translation on the direction of T by the symmetry vector R everywhere is further
discussed in [3,47].

Varieties of geometries exist in a CNT that change diameter,

chirality and cap structure. Figure 2.3 shows the possible SWNT structures that can be
formed from the chiral vector (n,m) as either metallic or semiconductors resulting on
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dissimilar physical properties such as optical cavity, mechanical strength and electrical
conductivity [49]. Table 2.1 summarizes the classification of CNTs.

Figure 2.3 Diagram of the possible SWNT structures from the chiral vector (n,m) resulting as either
semiconductor or metallic nanotubes [49].
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Table 2.1. Summary of the classification of CNTs [47]
Type



Ch

Shape of cross section

armchair

30

(n,n)

cis-type

zigzag

0

(n,0)

trans-type

(n,m)

mixture of cis and trans

0

chiral

| |

30°

The unit cell for CNTs in real space is given by the rectangle OAB’B, generated
by Ch and T, shown in Fig. 2.1. The number of hexagons per unit cell N of a chiral
nanotube is expressed as (9), where each hexagon in the unit cell contains two C atoms,
shown in figure 2.4 [50,51].

|

|

2

(9)
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Figure 2.4 CNT front view of the two C-atom unit cell (“empty circles”) [50,51].
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2.2

Physical Properties of Al2O3
Aluminum oxide or alumina (Al2O3) exists in many metastable polymorphs

besides the thermodynamically stable -Al2O3 (corundum) [52].

Corundum occurs

naturally as a rock-forming mineral and is a crystalline form of Al2O3 with traces of
impurities such as: iron (Fe), titanium (Ti) and chromium (Cr) [53].

-Al2O3 is

anisotropic and crystallizes in the hexagonal-rhombohedral system. The physical
properties of an anisotropic single crystal will vary upon the plane orientation.

The

crystal structure of -Al2O3 is shown in figure 2.5 [54]. The ionic radius of rion (O2‐) = 1.35
were interstices between the O layers to accommodate the rion (Al3+) = 0.54
Al3+ ion is octahedrally coordinated by six O ions.

; each

Two-thirds of the octahedral

interstices are occupied by Al3+ to maintain the charge balance. Therefore the lattice is
more or less an alternation of O2- and Al3+ ions, per Fig. 2.5.
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Figure 2.5 The crystalline structure of corundum can be viewed as hexagonal closet packing of oxygen
ions forming layers parallel to the (0001) plane [54].

Sapphire is the name for transparent corundum and can be found either naturally
or synthetic. Single-crystal sapphire can be found with either of four crystallographic
orientations, A- (11 0), R- (1 02), M- (10 0), or C-axis (0001) as seen in Fig. 2.6 [37].
Sapphire has a melting point of ~2050C [55] and is a desirable material as a support
material for CNT growth [37]. The growth of industrial synthetic single-crystal sapphire
is discussed elsewhere [55], by melting Al2O3 via the vertical-pulling technique to
produce scatter-free, low-dislocation-density material or by the floating-zone recrystallization technique.
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Figure 2.6 Schematic diagram of the crystallographic faces of sapphire from Hongo et al. [37].

It has been found that the use of sapphire as a support material gave rise to
aligned SWNT along the specific crystalline directions corresponding to the anisotropic
pseudo-1D array of Al atoms on the surface [56]. The author concluded that the Al atom
arrays guided the SWNT growth, due to the Al-CNT interaction (Fig. 2.7) called “atomic
arrangement-programmed (AAP)” growth. For the C-face sapphire a random orientation
of SWNTs was observed due to the threefold symmetry in the atomic arrangement of Al.
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Figure 2.7 Diagram from Ago et.al.[56], showing the various crystallographic faces of sapphire where
SWNT were grown with (a) R-, (b) A-, and (c) C-face surfaces. The direction of the SWNT growth is
indicated on the lower figures of (a), and (b) respectively by the colored arrows. Also, (d) shows a model
of the SWNTs alignment of on A-face sapphire substrate.

Furthermore, Ohno, et al. [57] demonstrated the growth of aligned SWNTs on
amorphous alumina (a-Al2O3) and –Al2O3 supports. Vertically aligned SWNTs were
obtained with A- and R- face –Al2O3 with longer and more uniform tubes on the Aface. Therefore the yield was in the order A-face > R-face >> C-face [37,38]. Ohno et
al. reported that the pair of Co catalyst nanoparticles with Al2O3 resulted on smaller
diameters with higher density as opposed to silica (SiO2) support; a similar result was
obtained for Fe catalyst nanoparticles [57]. The porous structure of a-Al2O3 has been
assume to cause small-particle formation [58], but this was not the case for Hongo et al.
Highly dense Co catalyst nanoparticles with small size were formed on A- and R-face
sapphire. In contrast, larger particle size with lower distribution was found on C-face
25

sapphire. An excellent property of Al2O3 as a support material is due to its surface
diffusion channel of C atoms [57].
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2.3

Magnetite (Fe3O4)

2.3.1

Physical Properties of Fe3O4
Fe3O4 is a ferrimagnetic material with the chemical name iron(II,III) oxide. Its

sublattice consists of different ions like Fe2+ and Fe3+, where the atomic magnetic
moment on differen sublattices is opposed [59] (Fig. 2.8):

Figure 2.8 The magnetic structure is composed by two magnetic sublattices (A and B) separated by
oxygens. The magnetic moment of A and B sublattices are not the same, resulting in a net magnetic
moment [59].
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The crystal structure of Fe3O4 is the spinel structure. The spinel structure consists
of a cubic closed-packed array of 32 oxide ions, which forms 64 tetrahedral holes and 32
octahedral holes in one unit cell [60]. The oxygen ions are closed packed in a cubic
arrangement and the Fe ions fill the gaps in a tetrahedral site where Fe ion are surrounded
by four oxygens, and an octahedral site where the Fe ions are surrounded by six oxygens
(Fig. 2.9). The Fe3O4 structure was first suggested to explain the fast electron hopping,
continuous change of electrons between Fe2+ and Fe3+ [61]. Furthermore, it has been
proposed that the Fe3O4 structure should instead be described with Fe2.5+ in the octahedral
sites at ambient conditions to formulate the electron delocalization more understandable
[62].

Figure 2.9 The crystal structure of Fe3O4 from [59]. The tetrahedral and octahedral sites from the twoFe3O4 sublattice, A and B respectively. The magnetic spin on A is anti-parallel to those on the B sublattice.
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2.3.2

Fe3O4 as Catalyst for the Synthesis of CNTs
Synthetic magnetite has been used as a catalyst for the synthesis of CNTs but the

same has been a challenge to obtain monodispersed catalyst nanoparticles with a
controlled size [63]. As a ferrofluid, Fe3O4 can be used for many applications, such as,
medical, magnetic resonance imaging (MRI), and AC magnetic field-assisted cancer
therapy [64,65]. All of these applications requires superparamagnetic nanoparticles, as a
result this can only be achieved at sizes of < 20nm [63].
Fe3O4 can be used as building block for CNT, by carefully selecting suitable
catalyst-support pair, and growth conditions [66]. Bulk Fe does not catalyze the growth
of CNT, for that reason it is necessary to achieve nanoparticle size Fe. De los Arcos et al.
[67] showed that CNTs were successfully grown only with iron oxide. The metallic Fe
nanoparticles that transformed to iron silicide (FeSi) didn’t give rise to the formation of
CNTs. On the other hand, pre-oxidized Fe formed superficial particles and only a partial
of the same converted to FeSi, resulting on the growth of CNTs [67]. Organic salt of Fe
has been used as a starting material by decomposing it at elevated temperature to form
nanoparticles. This procedure has resulted in a mixture of CNTs with diverse diameters
due to a wide catalyst size distribution. Therefore it is imperative to obtain a controlled
size-distribution of Fe3O4 catalyst nanoparticles. Roy et al. [66] takes iron oxide as the
starting material to study the influence of monodispersed Fe3O4 nanoparticles on CNT.
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Also, mixing Fe3O4 catalyst nanoparticles with a magnetic fluid in polyvinyl alcohol
(PVA) resulted in vertically aligned CNTs, as reported by Cho et al. [32].
Initial research has been done on the use of Fe3O4 as catalyst for CNT growth
with various support materials [32,63,66], but its fundamentals and the effect on the
coarsening of Fe among other catalyst nanoparticles affecting CNT growth is still
unresolved. For that reason is important to understand existing termination of CNT
growth hypotheses before discussing the Ostwald ripening theory.
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2.4

Termination of CNT growth hypotheses

2.4.1

Dependence of SWNT Growth Mechanism on Catalytic Activity
The dependence of SWNT growth mechanism on temperature and catalyst

particle size has been studied by molecular dynamics (MD) [68]. Ding et al [68],
modeled the nucleation of SWNTs by comparing the contribution of liquid and solid
catalyst nanoparticles. The vapor-liquid-solid (VLS) model has been used to explain the
growth of CNTs [69]. This model assumes that liquid catalyst particles acts as (i) a
catalyst to decompose the carbon feedstock, (ii) as a solvent for C atoms released from
the feedstock, and (iii) as a template for the nucleation and growth of CNTs [68,69].
However, solid catalyst metal particles have produced 1D-carbon structures (i.e. fibers,
nanotubes, etc.) not needing a liquid phase catalyst [70]. The catalyst particle on its solid
state form allows rapid atomical diffusion of the C atoms on its surface before they are
incorporated into the growing SWNTs.
In Figure 2.10(a-d) [68] a snapshot of a typical trajectory from catalyzed CVD
experiments were shown with floating catalyst particles of Fe300 clusters. The Fe300
clusters were heated at 900K (627C) with a rate of surface carbon deposition at 1
atom/50 ps. The modeling revealed [68] that C atoms on the surface formed carbon
strings (Fig. 2.10a), that nucleated in a graphitic island (Fig. 2.10b). The graphitic island
grew in size, where the kinetic energy overcame the island-cluster attraction, and the
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island lifted off the cluster forming a graphitic cap (Fig. 2.10c). Subsequently the cap
grew in diameter and length forming a SWNT (Fig. 2.10d).

Figure 2.10 A snap shot from [68], showing SWNT nucleation on the surface of solid Fe300 at 900K (a-d)
and SWNT structure at 800K (e), and 700K (f). Fe atoms are shown as large spheres except the insert in
(c), representing the structure of the Fe300. C atoms are represented as ball-and-stick.
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A second set of modeling with different conditions is shown in Fig 2.10e-f, giving
information on the thermal properties and surface diffusion of the Fe300C60 cluster. Here,
Fe300C60 was heated at 800K (527C) and 700K (427C) where SWNTs were grown
respectively. The author concluded that the surface atoms in these “solid” particles do
not remain in their lattice positions during SWNT growth. Also, a difference exists on
the C atoms diffusion path between liquid and solid catalyst particles to the growth of
SWNTs; a detailed explanation can be found in [68]. Hence, the biggest interest lies on
vertically oriented SWNT carpets or forests by catalytic CVD, promising a widespread of
applications [71].

2.4.2

Deactivation Hypotheses for Carpet Growth

2.4.2.1 Catalyst “Poisoning"
Traditionally, the termination of carpet growth has been attributed to the
“poisoning” of the catalyst as the responsible mechanism for a sharp decline in growth
rates at high temperatures [72].

Figure 2.11 summarizes the catalyst “poisoning”

mechanism from [72]; also, a set of differential equations describing the kinetic processes
is presented in the literature.
Puretzky et. al [72], discussed that the catalyst “poisoning” model occurs as: (i)
hydrocarbon molecules with n concentration colliding with the catalyst surface with a
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constant flux of carbon-surrounded molecules (Fc1). (ii) The hydrocarbon molecules
decomposes, dissociating into isolated C and H atoms, where a number of C atoms (NC)
begins to attached on the catalyst surface for the nucleation of CNTs, (iii) dissolution of
C atoms with the rate constant, ksb, form a highly-disordered “molten” layer on the
catalyst surface, (iv) disordered surface layers with thickness (m) forms by the
maximum number of decomposed hydrocarbon molecules, (v) diffusion of the dissolved
C atoms (NB) by m, (vi) carbon species precipitate into nanotubes with a rate constant,
kt, (vii) Formation of carbonaceous layer by rate constant, ks, inhibiting the
decomposition of the hydrocarbon feedstock terminating growth, (viii) Formation of
pyrolysis products in the gas phase, (xv) Impingement of the pyrolisis product into the
catalyst surface, (x) Additional growth of the carbonaceous layer decreasing the surface
area for catalytic decomposition, (xi) Catalyst poisoning due to oxygen reduction at
higher temperatures with a formation of an inactive layer.
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Figure 2.11 Representation of the processes responsible for feeding and termination of CNT growth known
as catalyst “poisoning” from [72]. (i) Hydrocarbon molecules colliding with the catalyst surface. (ii)
Catalytic decomposition of the hydrocarbon molecules on the catalyst surface. (iii) Surface-bulk
penetration of C atoms with, the rate constant ksb. (iv) Formation of m. (v) Diffusion of C atoms. (vi)
Precipitation of C species into nanotubes with, kt. (vii) Formation of carbonaceous layer by, ks. (viii) Gasphase decomposition of hydrocarbon forming pyrolysis products. (xv) Impingement of the pyrolysis
products onto the catalyst. (x) Growth of the carbonaceous layer due to the gas-pahse pyrolysis products.
(xi) Catalyst poisoning.
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2.4.2.2 Accumulation of Amorphous Carbon on Active Catalyst Sites
The mechanism behind catalyst “poisoning” has not been understood, but other
studies attributed the termination of CNT growth to an accumulation of amorphous
carbon on active catalyst sites [73,74]. Bower et al. [73] investigated the nucleation and
growth mechanism of CNTs by the use of microwave plasma chemical vapor deposition
(MWCVD). The tubes nucleated and grew from catalytic cobalt (Co) islands on a Si
substrate via “base growth” at a constant rate of ~100nm/s. Once the amorphous carbon
attached to the Co particles the catalyst was deactivated inhibiting further growth. Figure
2.12 illustrates a four-step growth model that explains the deactivation of the catalytic
activity. In step 1, a thin Co layer is sputtered on a Si substrate. In step 2, the catalyst is
annealed to form discrete spherical islands due to the surface tension to lower the total
energies. The diameter of the discrete catalyst particles will determine the size of CNTs.
A formation of cobalt silicides (CoSix) occurs at the Co-Si interface consuming a portion
of the Co catalysts. Nucleation and growth of a CNT occurs in step 3 from the Co
islands. The Co islands change their geometry from semi-spherical to conical particles
confined at the bottom of the tube (“base growth”). Finally in step 4, the Co catalyst
becomes encapsulated by the amorphous carbon stopping growth.
Moreover , Yoshihara et al. [74] demonstrated that the addition of water vapor in
the CVD reaction extends the catalyst lifetime and increases the nanotube yield. It was
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found that water vapor etch away carbon precipitate that covers the metal catalyst, based
on the chemical reaction C + H2O  CO + H2, extending the catalytic activity.

Figure 2.12 Schematic diagram [73] of a proposed four-step growth model for CNT growth. This model
takes into account the formation of catalytic cobalt islands, the chemical reaction between Co-Si interfaces,
and the base growth mechanism.
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2.4.2.3 Interdiffusion of the Catalyst in the Formation of Metal-Silicide
De los Arcos et.al [75] suggested that the formation of an iron silicide (FeSix)
interface affected the Fe catalytic activity, consequently stopping CNT growth. In order
to demonstrate their hypothesis, monochromatized x-ray photoelectron spectroscopy
(MXPS) was done during Fe/Si sample heating at 850oC (growth temperature). Figure
2.13 (b) reveals the disappearance of the iron oxide peak, and a shift on the Fe2P3/2 peak
to 707.3 eV indicating the presence of FeSix [76] as compared to the room temperature
spectra in Fig. 2.13(a).

The addition of a titanium nitride (TiN) thin layer onto the Si

prior the deposition of Fe prevented the formation of the FeSi upon heating (Fig. 2.14).
Growth experiments were carried out with Fe/Si vs Fe/TiN/Si substrates and a higher
density of CNTs was obtained with the Fe/TiN/Si substrate as seen in Fig. 2.14.
Therefore the formation of FeSi lowers the catalytic activity possibly contributing to the
termination of CNT growth.
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Figure 2.13 MXPS Spectra of the Fe2p of four samples. (a) 1nm Fe on Si at room temperature. (b) Fe/Si
heated at 850oC. (c) Fe/TiN/Si heated at 850oC on a grounded substrate with 100nm TiN. (d) 80nm TiN
layer on a substrate biased at -200V. [75]
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Figure 2.14 SEM images after CVD growth of CNTs [75]. (a) 1nm Fe/Si, (b) 1nm Fe on Si with 80 nm
layer of TiN grown on a substrate biased at -200V.
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2.4.2.4 Recent Termination of Growth Hypotheses
Recent theories have been developed to explain the mechanism behind
termination of forest and carpet growth. Harutyunyan et al. [77] proposed a model that
address the importance of the catalyst size-pressure in stabilizing the carbide phase in
accordance with the Young-Laplace equation.

Furthermore, Han et al. [78], proposes

that diffusion limitation and catalyst deactivation are not the dominant mechanism of
termination of forest growth. They hypothesize that a mechanical coupling of the top
surface creates an energetic barrier to the relative displacement between nanotubes. A
Monte Carlo simulation was made to show qualitatively the shape of the CNT-carpet
surface by assuming that the coupling is limited by the thermodynamics of the carbon
forming reaction [78].
Moreover, Amama et al. [79] explained that the mechanism behind termination of
carpet growth is due to the role of Ostwald Ripening on the catalytic activity. The
Ostwald Ripening behavior on Fe catalyst films on a–Al2O3 support was demonstrated as
a function of thermal annealing in H2 and H2/H2O.

A schematic of how Ostwald

Ripening behavior on the catalytic activity affects carpet growth with and without water
vapor is shown in Figure 2.15 [79]. Amama et al. concluded that water vapor impedes
Ostwald ripening of catalysts, thus extending their lifetime for supergrowth. The theory
of Ostwald Ripening will be further discussed in the next section as a basis to our study
of a quantitative analysis for the Ostwald Ripening behavior on Fe catalysts for CNT
growth.
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Figure 2.15 A Schematic of Ostwald ripening of catalysts from [79]. (a) Ostwald ripening behavior
without the addition of water vapor terminating CNT growth at 15 minutes (b) The addition of water vapor
inhibits the Ostwald ripening through the ability of oxygen and hydroxyl species to reduce diffusion or
migration rates of the catalyst atoms enhancing the CNT growth at 15 minutes.
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2.5

Ostwald Ripening Theory
A first-order phase transformation results in a two-phase mixture composed of a

dispersed second phase in a matrix. The mixture is not initially in thermodynamic
equilibrium due to the large surface area present. Thus, the total energy of the two-phase
mixture can be decreased by increasing the size of the second phase and as a result a
decrease in the total interfacial area. Such process is known as Ostwald ripening or
coarsening [80]. In other words, the average size of the particles of the dispersed phase
increases during coarsening due to the diffusion through the matrix phase, and their total
number decreases as shown in Fig. 2.16. The driving force for the Ostwald ripening
process is the curvature dependence of the chemical potential () which, assuming
isotropic energy is defined by equation (10) , where  is the mean interfacial curvature
and

is the chemical potential of an atom at a flat interface, Vm is the molar volume and

 is the surface energy [80].



(10)

From (10) atoms will flow from regions of high to low curvature, as a result an increased
in the size scale of the dispersed second phase that is consistent with the decrease in the
total energy of the two-phase system. Hence, the large particles grow at the expense of
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the smaller ones where a significant reduction in the number of particles occurs, while the
mean size increases.

Figure 2.16 Schematic of the Ostwald ripening process from an initial time (ti) to an n time (tn). Atoms of
smaller particles diffuse through the matrix phase to bigger particles at ti  tn to achieve thermodynamic
equilibrium by increasing the size of the second-phase (blue dots) resulting in a decrease of the total
interfacial area. In other words, bigger particle increase at expense of the smaller one by atomic diffusion
though the matrix phase.
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Modern Ostwald ripening theories are based on the classical work of Lifshitz,
Slyozov, and Wagner [81,82 ], known as the LSW theory. In the classical LSW theory it
is assumed that the second phase is spherical particles, which are in a steady-state
diffusion field or matrix where the particle and matrix are fluids, and that particles
interact indirectly with each other through a mean field by the matrix. From [80,83], the
evolution of the second phase is described as the particle-radius distribution n(R,t), where
n(R,t)dR is defined as the number of particles per unit volume at a time t with radius
between R and R+dR.

The function n(R,t) will change by growth, dissolution, or

creation of the dispersed second phase or particles. It is assume that no nucleation of new
solid particles will occur since the nuclei are so small that it will melt instantaneously.
Moreover, no coalescence will exist due to the particle-particle spacing. Hence the
,

conservation law is satisfied by the distribution function (11), where, V(R,t) =
denoting the growth rate of a particle with radius R at a time t.

,

,

,

0

(11)

The LSW theory assumes that the distance between discrete particles is so large
that each particle feels the influence of the other through an average temperature; During
Ostwald ripening the supersaturation of the matrix, m << 1, where  is defined by
equation (12) as a dimensionless concentration, and
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is the solute concentration.

⁄

(12)

By employing a quasi-stationary approximation due to the small interfacial
velocities during coarsening, the diffusion field in the matrix is governed by (13).
Furthermore, on the boundary of each particle we have the Stefan condition and the
Gibbs-Thomson conditions defined by (14) and (15) respectively. The influence of the
mean field m is imposed as a boundary condition at infinity (16).

,

lim

0

(13)



(14)

1/ (t)

(15)

(16)

∞

By flux conservation at the matrix-particle interface and that the particle is pure solute,
Eq. (13) with Eqs. (7) and (8) yields to the kinetic equation (17) the mean field nature
valid for growing and dissolving particles.

46

1

(17)

It is noted that by the mean-field ansatz a spherical particle grows or shrinks only
in relation to the mean field

set at infinity and not by its spatial position. Since Eq.

(17) is based on a solution of Laplace’s equation it does not conserve solute, therefore
mass or solute conservation must be added explicitly to the theory. For external sources
to the system the solute conservation is zero, the total solute content of the alloy must be
,

divided between the particle and matrix,
bulk alloy composition. For
,

fraction

∞,

, where

is the

will converge to zero whereas the volume

reaches the equilibrium value. But,

imposed instead that the volume fraction is conserved

can be neglected and
,

[83].

Lifshitz, Slyozov, and Wagner were able to make the following predictions
concerning the long-time behavior of two-phase mixtures undergoing Ostwald ripening.
The average particle size

⁄

, the matrix composition

, and the

number of particles N(t) obeys the temporal laws described in equation (18) respectively.

0

4
9

0

(18)
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0

, where 

/

/

, α = 4/(3Vm ∞ )

Also, in the LSW theory the asymptotic state of the system is independent of the
initial conditions and that the particle radius distribution is self-similar under the scaling
of the average particle size
function

. This time-independent distribution

for

is calculable and is shown in Fig. 2.17 [80]. Note that this function shows

a highly asymmetric shape with a maximum at 1.15 and a cutoff 1.5 [83].

Figure 2.17 Time-independent particle radius distribution function
from [80] versus as compared
from the classical LSW-theory with more realistic proposed models of coarsening at finite-volume fractions
of the coarsening phase [80].
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Experiments have confirmed the prediction of self-similar coarsening behaviors at
long-times. However, none of the reported results are of the form as predicted by the
LSW theory where in contrast are broader and more symmetric [80]. It seems that the
reason for this divergence between experimentation and the LSW-theory seems to be that
the mean-field nature of the equation completely neglects diffusional interactions of the
particles.

It is for this reason that it can be strictly valid in the un-physical limit of

infinite distance between the particles [83].
Hannon et al. [84] reported the influence of the coarsening on gold (Au) catalyst
nanodroplets for the growth of silicon nanowires. Au Ostwald ripening (Fig. 2.18) or
diffusion from the smaller droplets to the large ones leads to nanowire diameters that
change during growth.

They concluded that the catalytic growth of nanowires is

fundamentally limited by the catalyst diffusion; therefore, indefinitely long nanowires
cannot be grown without eliminating the catalyst coarsening. The coarsening of the Au
catalyst during growth were observed by transmission electron microscope (TEM) shown
in Fig. 2.19. The TEM images reveal that during growth catalyst labeled A grows larger,
and catalyst B decays until eventually disappears (Fig. 2.19a). Figure 2.19b shows the
evolution of the Au catalyst volume during growth as a function of time, whereas the Au
atoms can diffuse from one catalyst to another during growth.
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Figure 2.18 Ostwald Ripening of Au droplets from [84]. 5-eV Low-energy electron microscope (LEEM)
images of the coarsening of Au catalyst droplets on Si (111). Diffraction measurements indicate that the
surface in between the droplets is covered by approximately one monolayer of Au. Each image is labeled
by the total annealing time at 600 °C. The number of droplets decreases with time as larger droplets grow at
the expense of smaller ones. Scale bar for all panels, 1nm
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Figure 2.19 In-situ TEM images from [84], of the growth of Si nanowires at 655oC in 10-6 torr. (a) Three
images labeled by the time in seconds after the start of growth; scale bar is 50nm (b) measured volume
versus time of two Au catalyst droplets labeled A and B.

It has been shown that the Ostwald ripening in the catalyst limits the growth of
nanostructures by the catalytic CVD mechanism [79,84]. For that reason it is necessary
to quantify this phenomenon in order to build a more realistic model that explains how
growth conditions affect the coarsening of the catalyst. Since extensive work has been
done to hypothesize what limits the growth of CNTs [72,73,74,75,76,77,78], it seems that
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Ostwald ripening is one of the dominant mechanism that impede CNT growth [79].
Therefore, it is necessary to study how growth conditions (i.e. temperature, time, catalystsupport pair, catalyst concentration, etc.) affect the Ostwald ripening of the catalyst, and
consequently how CNT growth is limited by this occurrence.

Derivation of the

theoretical model and equations that will be used to explain this phenomenon will be
discussed in chapter 3 and then compare to experimental results in chapter 5. The
experimental frame work will be elucidated in chapter 4 for the coarsening of Fe catalyst
nanoparticles in Al2O3-surfaces and compared to CNT growth.
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Chapter 3: Theoretical Work

Several corrections to the LSW theory has been developed in order to extend the
theory to nonzero volume fraction Q by analytical and numerical methods in which all of
these approaches lead to the following growth law [85]:

0

(19)

is the average particle size radius at a time t,

0 is the average radius at the onset

of the coarsening, and the coarsening rate K(Q) is a monotonically increasing function of
Q. For Ostwald ripening, if the process is controlled by surface diffusion the exponent of
the particle size radius can be to the third or fourth power [86]. The particle-size
distribution function satisfies

,

for,

ρ, Q /R

(20)

/ , d is the dimensional number. The theories predict a broadening of

as the volume fraction is increased.

ρ, Q

In the following section some of the modern

correction to the LSW theory used in this work will be discussed briefly. A detailed
review on the progress in Ostwald ripening theories and their applications to nickel-base
superalloys can be found in [85].
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3.1

The Ardell (MLSW) theory (1972)
It was established by Ardell that the classical LSW theory corresponded to the

limit of Q 0 and proposed a modified LSW (MLSW) theory for particle growth with
0. This MLSW theory includes the effect of Q on diffusion-controlled coarsening
kinetics by changing the diffusion geometry and modifying the kinetic equation. They
were able to predict that the coarsening rate increased with volume fraction and the
theoretical size distribution broadened rapidly with increasing volume fraction. The
MLSW theory still predicts that the average particle radius should increase with time
according to (19). The kinetic rate constant was defined as [85]:
6



(21)

The variables are defined in [85] and its derivation are discussed in more detailed,
(22)
/

(23)
/

(24)

ρm is the theoretical relative maximum particle size of the polydisperse assembly, and
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/

Γ
ρ, ρm, and

(25)

all depend upon the volume fraction (Q) on the precipitate particle through

the parameter  defined in (23), that accounts for the dependence of K upon Q (21). The
coarsening rate as compared to the classical LSW theory is twice when Q = 0.8%, a
factor of three times greater when Q = 0.27%, which is unphysical when compared with
experimental results [85].

3.2 The Brailsford-Wynblat (BW) theory (1979)
Brailsford and Wynblat develop a theory that says the growth rate of a particle of
one size class as a function of the entire particle size distribution and the prevailing
concentration gradient around the particle. The growth rate was less sensitive to the
volume fraction than the MLSW. They divided their investigation in two parts (a) the
determination of the radial growth rate of a particle embedded in a configurationally
random array of particles of like nature but different sizes, and (b) neglecting the
coalescence between large particles as the coarsening proceeds. The kinetic equation
obeys (19) and the kinetic rate constant is defined as:

Ω

(26)
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where,  and R* are given by equation 31 and 49 in [87] and R* is the critical radius at
the onset of coarsening. The results from the BW theory gave a more acceptable result
than the MLSW theory, for a rate constant increase by a factor of 2.5 relative to the LSW
theory for Q = 5%.
3.3 The Voorhees and Glickman (VG) Theory (1983)
The VG theory is based on a quasi-steady-state approximation to the timedependent diffusion equation that is based upon the time-dependent Laplace equation.
This theory was developed by describing simultaneous growth and shrinkage of a
randomly dispersed phase in a matrix, where the second phase provides the only sinks of
solute and/or heat, as is the case during Ostwald ripening.

Here the interparticle

diffusional interactions is described which occurs during Ostwald ripening. Here the rate
of large number of particles can be calculated, and the determination of the influence of
interparticle diffusional interaction on the collective behavior of a particle ripening
system. The VG theory predicts the average particle as a function of time, defined by
(19). According to the VG model K is given by [88]:

Ω

(27)
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The VG theory is consistent with the LSW theory at Q0, and at >> Q. They
concluded that the coarsening of small particles should not be affected by any diffusional
interaction. Therefore small particles should coarsen at rates close to those predicted by
the LSW theory, even at high volume fraction. The growth of particles was observed and
compared to the classical LSW theory (section 2.5) and modified kinetics equations
(chapter 3) from the experimental analysis discussed in the next chapter.
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Chapter 4: Experiments on the CVD
Fe3O4 nanoparticles have been previously used as catalyst for the growth of CNTs
[26,32,56,59]. Fe3O4 nanoparticles have been prepared by the thermal decomposition in
benzyl ether of Fe(acac)3 in the presence of a mixture of oleic acid and oleylamine
templating (surface capping) ligands, and 1,2-hexadecanediol (HDD) as an accelerating
agent. The details on the general synthesis procedure used for the Fe3O4 nanoparticles
are reported by Crouse et al. [89]. After synthesis, the Fe3O4 nanoparticles were then
dissolved into a polymer-solvent solution to render viscosity for spin coating applications
(i.e. polypropylene oxide (pp) in hexanes and polystyrene (ps) in acetone) and sonicated
for 10 min. The Fe3O4 catalyst solutions were spin coated on sapphire substrates
(Spincoater, P6700 series) at 3000 rpm for 30 s. The sapphire substrates were cleaned
prior the spin coating procedure.
C-face and A-face 2” sapphire wafers were obtained from co-workers at the Air
Force Research Laboratory (AFRL) and diced to 1cm x 1cm square substrates.

A

simpler and effective method to clean sapphire substrates was proposed by Gan et al.
[90] to obtain a hydroxylated clean surface.

First, the substrates are immersed in a

detergent solution (20% Decon detergent, 80% deionized Milli-Q water) for 3h at 80 oC,
and rinsed with numerous amount of Milli-Q water. The substrates were then sonicated
in 5% NaOH (sodium hydroxide) solution for 20 min to remove excess surfactant, and
rinsed with numerous amount of Milli-Q water, finally blown dry with ultra-high purity
(UHP) Ar gas. Only polytetrafluoroethylene (PTFE) or Teflon vials were used in order to
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avoid silica dissolution and deposition onto the sample. Finally, the substrates were then
placed in a ultra-violet (UV) light cleaner (Novascan Technologies Inc., PSD series) for
15 min. The UV lamp generates wavelengths with peak intensities of 185 nm and 254
nm and the distance between the lamp and the surface of the sample is ~ 2 mm. The
experimental work for the sapphire substrates supporting the Fe3O4 nanoparticles were
divided in two parts: (i) The substrates were annealed in H2 to study the Ostwald ripening
of Fe3O4 and (ii) Synthesis of CNTs in the sapphire substrates.
The Ostwald ripening experiments were carryout using a quartz tube furnace
CVD system (Thermolyne 21100), Fig 4.1 shows an schematic of the CVD system. Each
sapphire substrate with the Fe3O4 nanoparticles was heated to the final reaction
temperature at a rate of 25 oC/min while introducing 200 standard cubic centimeter
(sccm) flow of Ar gas under atmospheric pressure (760 Torr).

Once the reaction

temperature of 903 oC was stabilized, H2 was introduced to reduce the catalyst at a flow
rate of 200 sccm in atmospheric pressure for 5, 10, and 15 minutes respectively for each
set of experiments. The samples were cooled down in Ar atmosphere to room
temperature after the H2 annealing.
Silicon (100) substrates with a thin sputtered alumina film were used to
investigate the nanoparticles-surface interaction and the Ostwald ripening behavior with
the same conditions used for the sapphire substrates. The thin a–Al2O3 10 nm film was
deposited by University of Dayton Research Institute (UDRI) using a RF magnetron
sputtering system (AJA international, A300 magnetron sputtering system) under 15
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mTorr of Ar pressure. During the film deposition process, in situ thickness monitoring
was carried out by using a deposition monitor (Leybold Inficon Inc, XTM/2). Also, the
Ostwald ripening behavior was investigated for Fe3O4 catalyst nanoparticles suspended in
hexanes without any polymer on the surface of C- cut sapphire at 853 oC and 903 oC.
For comparison purposes other samples were prepared only for the investigation
of nanoparticles-solvent-surface interaction, table 4.1 summarizes the experimental work
for the catalyst dispersion studies after 5 minutes H2 annealing.

Table 4.1 Summary of Catalyst Dispersion Experiment
Surface

Fe3O4 in:

H2 Annealing Temperature

Coating

–Al2O3

Hexanes

853oC

Spin coated

–Al2O3 (C- face)

Hexanes

853oC and 903oC

Dip

–Al2O3 (C- face)

Acetone

903oC

Dip

–Al2O3 (C- face)

Acetone/Polystyrene

903oC

Spin

–Al2O3 (C- face)

Hexanes/Polypropylene

903oC

Spin

A new set of substrates was used for the synthesis of CNTs using the same
conditions employed for the Ostwald ripening experiments. Once the furnace reached a
synthesis temperature of 903 oC, the catalyst was reduced in H2 at a flow rate of 200 sccm
in atmospheric pressure for 5 min. Following reduction of the catalyst, CH4 gas was
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introduced at a flow rate of 350 sccm for 15 minutes). After the CNT growth reaction,
the samples were cooled down in Argon gas to room temperature.
The surface of the substrates and the catalyst morphology was characterized by
the use of atomic force microscopy (AFM, Veeco Nanoscope V), scanning electron
microscopy (SEM, FEI XL30 Sirion), and Raman Spectroscopy (Renishaw, inVia Raman
microscope,10 mW 532 nm laser line).

61

Figure 4.1 Schematic diagram of the CVD tube furnace system. A set of two experiments were carryout
using the same environmental conditions without CH4 for the Ostwald ripening experiments and the second
set with the addition of CH4 for CNT growth. A typical experiment consist of (i) placing the C- and A- cut
sapphire substrates with the catalyst nanoparticles on a ceramic boat and inserted in the center of the quartz
tube furnace (ii) Ar is flown continuously at 200sccm under 760torr while the tube furnace achieved the set
temperature of 903oC (iii) Once at 903oC begins the a continuous 200sccm flow of H2 and CH4 (only for
CNT growth) for 5-60 minutes (iv) After the reaction time the gases are shut off and the furnace is cool
down in Ar. The gas flow is controlled using a mass flow controller and monitor using a silicon oil
bubbler.
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Chapter 5: Characterization Techniques
5.1

Atomic Force Microscope (AFM)
The atomic force microscope (AFM) was invented by Binning, Quate, and Gerber

[91] in 1986. AFM is a scanning probe microscope and uses a sharp tip moving over the
surface of a sample in a raster scan. Typically the tip of the probe have an end radius of
2-20nm, depending on the tip type. The scanning motion is conducted by a piezoelectric
scanner which scans the tip in a raster pattern with respect to the sample (or scans the
sample with respect to the tip). The tip-sample interaction is monitored by a reflecting
laser beam off the back of the cantilever into a split photodiode detector. The delta
between the photodetector output voltages, changes in the cantilever deflection or
oscillation amplitude is what is detected. Figure 5.1 shows a schematic diagram of an
AFM from [92].
Two modes of operation are the most commonly used on AFM, either contact
mode or tapping mode. These are conducted in air or a liquid environment. Contact
mode AFM consists of raster-scanning the probe while monitoring the change in the
cantilever deflection with the split photodiode detector. A feedback loop maintains a
constant cantilever deflection by vertically moving the scanner to maintain a constant
photodetector difference signal. The distance that the scanner moves vertically at each
x,y data point is then stored by the computer to form the topographic image of the
surface; a constant force is maintain during imaging. Tapping mode AFM consist of
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oscillating the cantilever at its resonance frequency (typically ~300kHz) and lightly
“tapping” the tip on the surface during scanning. The laser deflection method is used to
detect the root-mean-square (RMS) amplitude of cantilever oscillation. An advantage of
tapping mode over contact mode is that it eliminates the lateral shear forces present
during contact mode [93].

This enables the imaging of soft, fragile, and adhesive

surfaces without damaging them, which can be a drawback of contact mode AFM.

Figure 5.1 Schematic diagram of an AFM from [92].
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5.2

Scanning Electron Microscope (SEM)
The scanning electron microscope (SEM) consists of applying a voltage between

a conductive sample and a filament, resulting in electron emission from the filament to
the surface of the sample. This occurs in an ultra-high vacuum (UHV) environment
ranging from 10-4 to 10-10 Torr. The electrons are guided by a series of electromagnetic
lenses in the electron column. A schematic of a typical SEM is shown in Fig. 5.2 from
[94].
The resolution and depth of field of the image are determined by the beam current
and the final spot size, which are adjusted with one or more condenser lenses and the
final, probe-forming objective lenses. The lenses are also used to shape the beam to
minimize the effect of spherical aberration, chromatic aberration, diffraction, and
astigmatism. The electrons interact with the sample within a few nanometers to several
microns of the surface, depending on the beam parameters and sample type. Electrons
are emitted from the sample primarily as either backscattered electrons or secondary
electrons [95]. The most common technique to investigate surface morphology is the
secondary electrons. They are produced as a result of interactions between the beam
electrons and weakly bound electrons in the conduction band of the sample.
Some energy from the beam electrons is transferred to the conduction band
electrons in the sample, providing enough energy for their escape from the surface as
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secondary low energy electrons (< 50 eV), so only those formed within the first few
nanometers of the surface have enough energy to escape and be detected. High energy
beam electrons which are scattered back out of the sample (backscattered electrons) can
also form secondary electrons when they leave the surface. Since these travel farther into
the sample than the secondary electrons, they can emerge from the sample at a much
larger distance away from the impact of the incident beam which makes their spatial
distribution larger. Once these electrons escape from the surface, they are typically
detected by an Everhart-Thornley scintillator photomultiplier detector [95]. The SEM
image formed is the result of the intensity of the secondary electron emission from the
sample at each x,y data point during the rastering of electron beam across the surface.
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Figure 5.2 Schematic diagram of an SEM [94].
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5.3

Raman Spectroscopy
When electromagnetic radiation travels through a substance, photons can be

transmitted, absorbed, reflected, diffracted, refracted and scattered. Most of the scattered
radiation is Rayleigh, in which the outgoing photon has the same wavelength as the
incident one. On the other hand, the Raman effect, refers to the inelastic scattering of
photons by phonons (i.e. vibrational quanta) discovered by the Indian physicist C.V.
Raman in 1928 [96, 97]. The Raman effect comprises a very small fraction of the
incident photons (~ 1in 107). Figure 5.3 shows the Raman scattering energy diagram
from Wikipedia.org.
The Raman effect occurs when light impinges upon a molecule or a crystal
structure and interacts with the electron cloud of the bonds. The amount of deformation
of the electron cloud is polarizability of the molecule or unit cell. The amount of
polarizability of the bond will determine the intensity and frequency of the Raman shift
or wavenumber (cm-1). The photon excites one of the electrons into a virtual state. When
the photon is released the molecule or crystal relaxes back into a vibrational energy state.
It will typically relax into the first vibrational energy state, and this generates Stokes
Raman scattering. If the molecule or crystal was already on an elevated vibrational
energy state, the Raman scattering is then called Anti-Stokes Raman scattering.
The energy of the scattered radiation is less than the incident radiation for the
Stokes line and the energy of the scattered radiation is more than the incident radiation
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for the anti-Stokes line. The energy increases or decreases from the excitation is related
to the vibrational energy spacing in the ground electronic state of the molecule or crystal
and therefore the wavenumber of the Stokes and the anti-Stokes are a direct measure of
the vibrational energies of the substance.

Figure 5.3 Raman scattering energy diagram.
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Raman scattering has proven to be the preferred characterization technique for
establishing the successful growth of single wall or multiwall CNTs. For SWNTs, many
features can be identified with specific phonon modes and with specific Raman scattering
processes that will contribute to each feature. Raman spectroscopy for SWNTs can give
arise information about their 1D properties such as phonon structure, electronic structure,
and defects [98].
The G band spectra for 2D graphite is ~ 1529 cm-1 and is the only first-order
Raman peak. In SWNTs the G band splits into many features ~ 1580 cm-1, and the radial
breathing mode (RBM) in the lower frequency are the strongest features for SWNTs, and
both are first-order Raman modes. The RBM is exclusive phonon mode, appearing only
in SWNTs, therefore one can confirm if the final product were single or multiwalls. The
RBM is a bond-stretching out-of-plane phonon mode, where all the C atoms move
coherently in the radial direction with frequency (RBM) ~ 100-500 cm-1 [98]. The RBM
frequency is inversely proportional to the nanotube diameter expressed by (28), since the
mass of all C atoms along the circumferential direction is proportional to the diameter.
Other corrections to (28) have been proposed due to the effect of substrate tube-tube
interactions.
,
,

(28)

248

99
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In SWNTs the D-band ~1350 cm-1 and G’-band ~2700cm-1 for a nm laser line are
due to the one- and two- phonon, second order Raman scattering. The D and G band
feature can be fitted to two, and one Lorentzian respectively.
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Chapter 6: Results and Discussion

6.1

Substrate Morphology
Due to the nature of this work it was essential that the surface of the substrate was

clean and free of any other particles. The sapphire wafer was diced by co-workers at the
AFRL, and its surface was placed against blue tape to hold in place the substrates pieces
during/after dicing. The surface of the sapphire substrates as received after dicing was
inspected by AFM revealing that the surface was quite dirty (not shown).

It was

presumed that most of the particulates are due to the adhesive of the tape and by-products
from the dicing process. Several cleaning methods were used to clean the sapphire
substrates and it was found that the most effective and simpler was the one employed in
chapter 4, as proposed by Gan et. al [90]. We found that after rinsing only with alcohol
the surface still appeared dirty as reported in [100], seen in Fig. 6.1. The cleaned
sapphire substrates were imaged immediately after UV irradiation and prior to
experimentation. By exposing the surface to UV irradiation any solvent or organic
molecule left after cleaning was dissociated by the absorption of short-wavelength UV
radiation. Atomic oxygen is generated when molecular oxygen (O) is dissociated by 185
nm and ozone (O3) by 254 nm radiation. Oxygen radicals (O*) will react with any
contaminant left to achieve a near atomically clean surface. The photochemical reaction
during UV irradiation is given by (29).
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O2 + h (185 nm)  O +O
O2 + O  O3

(29)

O3 + h (254 nm)  O2 + O*

Figure 6.1 AFM surface image from [100] of -Al2O3 (0001) after being rinse with ethanol (image size 10
µm x10 µm)
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Fig. 6.2 shows that the surface is free of particles and other contamination. It was
noted that for the -Al2O3 (0001) or C-cut sapphire a terrace-step structure characteristic
of this crystallographic plane as the one reported by [90], shown in Fig. 6.3. Gan et. al
[90] concluded that the steps consist of single atomic planes, the terrace-step structure is
due to the crystal cut and polished process at a certain cut-off angle to the (0001)
orientation. The surface roughness (Rq) is 2.04 Å for -Al2O3 (0001), and 1.92 Å for Al2O3 (1120).

Figure 6.2 AFM images of the (a) C-Cut and (b) A-Cut sapphire substrates after the cleaning procedure
proposed by [90], revealing a surface free of particles and other contaminations.
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Figure 6.3 The terrace step morphology on the sapphire surface with (0001) orientation was found and
agrees with literature results (right image [90]: size 200 x 200 nm2).
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6.2

Dispersion of Fe3O4 nanoparticles
In order to establish an Ostwald ripening study, achieving a good dispersion of

nanoparticles on the sapphire surface becomes crucial. Despite a controlled synthesis for
the Fe3O4 by functionalizing them in an oleic acid ligand, several issues with dispersion
and agglomeration were encounter in the bulk sapphire surface. Various solvent and
polymer mixture were studied to determine which gave the best dispersion of discrete
nanoparticles.

AFM analysis was performed to study the surface morphology after

annealing in H2 at 903oC for 5 minutes.
The nanoparticles were suspended initially in hexanes, and were used before for
the growth of SWNTs on Si substrates with no agglomeration problems (as seen in Fig.
6.4). The same were dip coated on the sapphire surface and resulted in agglomerates of
the nanoparticles (Fig. 6.5a). The stock solution was then diluted in acetone, a more
polar solvent than hexanes (non-polar) for higher wetting and dispersion on the single
crystal alumina surface. Although that Fig. 6.5c shows that the nanoparticles are better
distributed on the surface, it was not possible to obtain the same distribution for
reproducibility. By adding PP to hexanes and PS to acetone, the nanoparticles seem to
stabilized, showing a better dispersion on the surface (Fig. 6.5). As noted in Fig. 6.5b
and 6.5d, it seems that two populations of nanoparticles were formed: (i) agglomerates
and (ii) discrete nanoparticles. The agglomerate population was found to be in the order
of acetone < acetone/PS << hexanes/PP < hexanes.
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Figure 6.4 SEM image of the Fe3O4/hexanes solution dispersed on the surface of a Si substrate after CNT
growth. The bright spots are the iron nanoparticles, with most of the population as discrete particles and a
few clusters. Image courtesy of Dr. Rahul Rao.
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Figure 6.5 AFM height images of Fe nanoparticles spin coated on the surface of c-cut sapphire after 5 min
H2 annealing from (a) hexanes (b) hexanes/polypropylene (c) acetone and (d) acetone/polystyrene solutions
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The nanoparticles suspended in hexanes were spin coated on sputtered alumina
(10 nm thin film) to investigate the surface-particle interaction. From the AFM results,
the particle seems to have a better dispersion than sapphire and looked like discrete
nanoparticles (Fig. 6.5b). A closer inspection was done by SEM to confirm if these were
discrete particles or not, although the particle spacing was the desired for the experiment,
the end result was nanoparticles agglomerates (Fig. 6.5a).

A comparison of the

nanoparticles with and without H2 annealing for 5 min is shown in Fig. 6.6a,c and Fig.
6.6b,d respectively. Note that the black features around the particles are due to the
presence of organic material which in this case is the oleic acid that was used to
functionalize the iron oxide.
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Figure 6.6 (a) SEM image and (b) AFM image of the catalyst nanoparticles dispersed on a 10 nm sputtered
alumina surface.
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Figure 6.7 SEM images of the Fe3O4 (a) as received on the surface of sputtered alumina and (b) after 5 min
annealing in H2 (c) and (d) are 100,000 x magnification from (a) and (b) respectively

81

The Fe3O4 nanoparticles (in the hexane solution) in c-cut sapphire were annealed
in H2 for 5, 10 and 15 minutes to study the Ostwald ripening mechanism at 853 oC and
903 oC. As seen from Fig. 6.8 the distribution of the nanoparticles was different for each
case and the agglomeration of the particles were strongly dominant on the surface. The
reason that discrete nanoparticles were not achieved at all is related to the surface
chemistry between the sapphire and the functionalized nanoparticles. Fig. 6.9 shows a
schematic for the particle-surface chemistry interaction. After cleaning the sapphire
substrates the surfaces became hydroxylated (with –OH groups), the oleic acid is
hydrophobic and prevents the Fe3O4 to agglomerate or “crash”. Since the sapphire
surface became hydroxylated, the oleic acid competed between the –OH and the iron
oxide, subsequently attaching to the –OH making the nanoparticles to “crash”.
In order to reduce the particle agglomeration on the surface the same should be
passivated. The addition of a polymer to the solution will prevent the –OH groups to
interact with the oleic acid that is the responsible for “crashing” the particles as seen in
Fig. 6.5.
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Figure 6.8 Comparison between 853oC and 903oC after H2 annealing of the Fe3O4 nanoparticles in c-cut
sapphire for 5, 10 and 15 minutes.
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Figure 6.9 Schematic diagram of the proposed surface chemistry mechanism between the functionalized
Fe3O4 catalyst nanoparticles and the sapphire surface. The nanoparticles “crashed” after spin coating due to
a competition from the oleic acid ligands between the Fe3O4 nanoparticles and the hydroxylated surface,
consequently attaching to the –OH groups and resulting in agglomeration of the nanoparticles.
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6.3

Particle Size Distribution

The coarsening of Fe in a–Al2O3 and –Al2O3 was observed as a function of
annealing time in H2 from 5 to 15 minutes. Fig. 6.10 shows the AFM images (left) of the
catalyst nanoparticles in a–Al2O3 and the particle size distribution (right) for 5, 10, and 15
minutes (Fig. 6.10a, b, c, respectively). AFM height analysis was used to calculate the
particle size distribution. First, a 5 x 5 µm area is analyzed by tapping mode-AFM to
observe the nanoparticle distribution. The particle size radius (R) was obtained by
counting individual particles and measuring its height. The particle size distribution
histogram was fitted with a log-normal distribution. As previously found in SEM (Fig.
6.7), the growth of nanoparticles agglomerates were studied as a function of annealing
time.
Fig. 6.11 shows the AFM images (left) of the catalyst nanoparticles in –Al2O3
and the particle size distribution (right) for 5, 10, and 15 minutes (Fig. 6.11a, b, c,
respectively). The particle size radius (R) was obtained by counting individual particles
and measuring its height as mention before. Fig. 6.12 shows the log-normal distribution
for the catalyst nanoparticles after 5, 10 and 15 min H2 annealing on (a) alumina and (b)
single crystal sapphire. The results showed an increase of the particle size while the
number density decreases from 5 to 15 min which is consistent with the Ostwald
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ripening theory. As seen in Fig. 6.12 the Ostwald ripening rates of the Fe particles is
higher on sapphire than alumina which is further quantified in Fig. 6.13.
Annealing times less than 5 minutes were not studied due to tube furnace
limitations. Since heating and cooling rates are relatively slow, 25 oC/min for heating and
5

o

C/min for cooling, it was not possible to carry out rapid experiments. The

proportionality constant or coarsening rate, K, can be obtained from the slope of the
linear equation

0

. If n = 4 or n = 3, the process is controlled by

surface or bulk diffusion respectively; Fig. 6.13a,b compares the mean radius of n = 3 and
n= 4 vs annealing time. Note that only three data points were plotted, making difficult to
conclude if the process was controlled by surface or bulk diffusion. The proportionality
constant for the kinetic equation of the LSW theory (19), K, was found to be higher on
sapphire than sputtered alumina from 5 to 6 times higher depending on the n value.

86

Figure 6.10 AFM height images (5 x 5 µm) (left) of Fe nanoparticles in a-Al2O3/Si surface and particle size
distributions (right) after H2 annealing for (a) 300 s (5 min) (b) 600 s (10min) and (c) 900s (15 min).
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Figure 6.11 AFM height images (5 x 5 µm) (left) of Fe nanoparticles in the surface of α-Al2O3 and particle
size distributions (right) after H2 annealing for (a) 300 s (5 min) (b) 600 s (10min) and (c) 900 s (15 min).
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Figure 6.12 Comparison of the log-normal distributions of the iron nanoparticles in amorphous and single
crystal aluminum oxide surfaces.

Figure 6.13 (a) Plot of cube of mean radius against annealing time in H2 (b) Plot of fourth of mean radius
against annealing time in H2
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6.4

CNT Growth in -Al2O3
Fe3O4 catalyst nanoparticles were used for the growth of CNTs in C-, and A- cut

sapphire substrates by using the same conditions for the Ostwald ripening experiments
and adding CH4 as carbon precursor. AFM analysis was performed post-growth to the
samples, for morphology characterization, and height analysis of the catalyst
nanoparticles and CNT species. Fig. 6.14, shows the AFM images of CNTs grown on
two different catalyst concentrations (C- and A- face sapphire). For the C- face sapphire,
CNT yield was low with the acetone/PS catalyst solution (Fig. 6.14a) and a higher yield
was obtained with the hexanes/PP catalyst solution (Fig. 6.14c), note that randomly
oriented CNTs are on the surface. For the A- face sapphire, aligned nanotubes in the
surface were seeing for the acetone/PS (Fig. 6.14b) and hexanes/PP (Fig. 6.14d) catalyst
solutions, some CNT cross-growth occurred on the surface. These results agree with
published results from [56], where CNTs grew in random orientations in the C- face vs
aligned in the A- face sapphire surface (section 2.2). Aligned CNTs along the A- face
corresponds to the anisotropic pseudo-1D array of Al atoms on the surface. Therefore, a
random orientation of CNTs was observed in the C- face sapphire due to the threefold
symmetry in the atomic arrangement of Al atoms.
Raman spectroscopy was done to confirm the growth of SWNTs in the different
crystallographic faces of sapphire, from the samples analyzed by AFM in Fig. 6.15. It
can be confirmed that SWNTs were grown from the G band ~ 1590 cm-1 (Fig. 6.15a) that
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splits into many features (Fig. 6.15c), but the C- cut with Fe3O4 in acetone/PS shows a
very weak G band. This is due to a low yield of CNTs on the surface (Fig. 6.14a),
existing a very low probability to pin-point a single-tube and obtain any strong Raman
scattering.
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Figure 6.14 AFM images of CNT grown using Fe3O4 in (a,b) acetone/PS, and (c,d) hexanes/PP in C‐ face
(a,c), and A‐ face (b,d) respectively.
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Figure 6.15 Raman spectra of CNTs grown using Fe3O4 in acetone/PS, and hexanes/PP in C- face and Aface sapphire. (a) D- and G- band spectra, (b) RBMs and (c) Comparison of the G band for highly ordered
pyrolitic graphite (HOPG), MWNT bundles, one isolated semiconducting SWNT, and one isolated metallic
SWNT from [101]. The excitation laser wavelength was 532 nm.
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The strongest feature for SWNTs is the RBM in the lower frequency, where all
the C atoms move coherently in the radial direction, typically RBM ~ 100-500 cm-1. Fig.
6.15b shows the respective RBMs of CNTs grown using Fe3O4 in acetone/PS, and
hexanes/PP in C- face and A- face sapphire. The RBM features were only showed for the
A- face substrates. A Possible reason for this is that the tubes were in resonances with the
laser line at 532 nm.

Although the RBM features are not exhibit on the C- face

substrates, this does not mean that the tubes aren’t single-walls. Some reasons are that:
the RBM signal was weak, the SWNTs weren’t in resonance with the laser line, or the
RBM is < 100 cm-1 (for large diameter tubes), which in this case the notch filters cuts ~
110 cm-1.
The resonance Raman intensity depends on the density of electronic states (DOS).
Since SWNTs are 1D material, their DOS is characterized by the so-called van Hove
singularities (vHSs) discussed elsewhere [101]. An observable Raman signal from a
CNT can be obtained when the laser excitation wavelength is equal to the energy
separation between vHSs in the valence conduction bands. Therefore, one optically
allowed electronic transition energy (Eii) will be given from an (n,m) SWNT.
As a result, the obtained G+ and G- bands (Fig. 6.15a) correspond to
semiconductor SWNTs as reported in [101] (Fig. 6.15c). Note that in Fig. 6.15a, the
peaks ~ 1300-1400 cm-1 are not for the D bands due to its sharpness, which usually
shows as a broad peak. These can be second order sapphire peaks [102], but also they
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had been attributed to CO2 inclusions in natural sapphire [103]. It was also noted that for
C- face sapphire (Fig. 6.14c) that the corresponding G+ and G- characteristic bands for
metallic SWNTs were also found, shown in Fig. 6.16.

Figure 6.16 Raman spectra of metallic SWNT grown on C- face sapphire. Insert (upper left) is the G band
for an isolated metallic SWNT from [101].
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The CNT diameter distributions were estimated using AFM by counting
individual tubes and measuring its height. Fig. 6.17 shows the CNT diameter histogram
fitted with a log-normal distribution. From the RBM, one can calculate the tube diameter
using (28), and compare to the values obtained with AFM. Table 6.1 compares the
SWNTs diameters from the RBM calculation and the AFM height analysis.
Table 6.1 Comparison of the SWNTs diameter as measured from the RBMs and AFM
Sample

CNT diameter from AFM (nm)

CNT diameter from RBM (nm)

C- Cut (hexanes/PP)

0.4-2.8

*

C- Cut (acetone/PS)

0.3-1.0

*

A- Cut (hexanes/PP)

0.4-1.6

1.8

A- Cut (acetone/PS)

0.1-1.1

1.55-1.74

* No RBM from the Raman scattering

The values estimated from the AFM for the SWNT diameter were lower than
from the RBM, due to several reasons. Some of the reasons could be that: (i) the
collection of the Raman scattering is restricted to the beam diameter ~ < 5 µm vs a larger
area scanned in the AFM, not resulting in the same tube distributions, (ii) the Raman
scattering is not collected from the same area/nanotubes that appears in the AFM images
(Fig. 6.14), (iii) the AFM is underestimating the SWNTs diameters since the RBM is a
direct measurement from the atomic vibrations (phonon modes).
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The particle size histogram and the normalized particle size distribution of the
inactive Fe catalyst after CNT growth was plotted in Figs. 6.18 and 6.19 respectively.
Note that the analysis was made for Fe particles that did not grow tubes. By comparing
the particle size distributions it seems that the Ostwald ripening rate of the catalyst
nanoparticles are in the order of C- face < A- face sapphire (Fig. 6.20).
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Figure 6.17 CNT diameter distributions as measured from the AFM height analysis
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Figure 6.18 Particle size histogram (top) from AFM (2 x 2 µm) images (bottom) of Fe3O4 catalyst after
CNT growth of: (a) C- cut (acetone/PS) (b) A- Cut (acetone/PS) (c) C- cut (hexanes/PP) (d) A- cut
(hexanes/PP)
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Figure 6.19 Normalized particle size distributions for the catalyst particles after 5 min H2 annealing and
CNT growth in CH4 for 15 min for (a) C- face (acetone/PS), (b) A- face (acetone/PS), (c) C- face
(hexanes/PP), and (d) A- face (hexanes/PP).
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Figure 6.20 Particle size distributions after 5 min H2 annealing and CNT growth for 15 min in CH4 of Ccut and A- cut sapphire.
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SEM analysis was done post-growth to the A- cut sapphire with the Fe3O4
nanoparticles suspended in acetone/PS and compared to its AFM image.

Aligned

SWNTs were initially revealed by AFM (Fig. 6.21d) that confirmed previous results in
the literature [56]. As seen from SEM in Fig. 6.21, not only aligned SWNTs structure
existed on the surface, instead two populations of nanotube arrangements. As previously
reported, A- cut gave rise to aligned SWNTs on the surface (Fig. 6.21b) but this was not
the situation on my experiments. As seen from Fig. 6.21c, this secondary structure could
be related to a CNT forest, graphitic material, graphene, or other. Is not possible to
conclude from this SEM image if the structures are vertically aligned tubes or not, since
this is a top-view image. Cross-sectional SEM analysis is needed to confirm any vertical
alignment. Moreover, for the growth of carpet, water vapor is needed to impede the
ripening of the catalyst [74,79] thus extending the catalyst lifetime, which in our case no
water vapor were used for the reaction.
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Figure 6.21 SEM image of A- cut sapphire after the growth of SWNTs revealing (a) the surface
morphology, were two populations of CNT arrangement were found (b) aligned SWNTs (c) some
“undetermined” carbon structure an (d) AFM image.
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Chapter 7: Summary

Fe3O4 catalyst nanoparticles were functionalized with an oleic acid ligand (in
order to prevent agglomerates of the nanoparticles) and suspended in hexanes. These
nanoparticles were previously used for the growth of SWNTs in Si substrates, and
demonstrated excellent dispersion on the surface (i.e. discrete particles).

Based on

successful results with Si substrates no problem was anticipated for the sapphire surface.
Subsequently, the sapphire surfaces were treated with NaOH and UV-Ozone cleaning
procedure to remove any particle-impurity, resulting in an effective method for a clean
surface.
After dip coating the sapphire substrates in the Fe3O4/hexanes solution, the
dispersion of the iron particles differed from what was previously seen in the Si surface.
The nanoparticles agglomerated on the sapphire as opposed to discrete nanoparticles
population seeing with the Si substrate. As a consequence, various solvent and polymer
mixture were studied to determine which gave the best dispersion of discrete
nanoparticles.

AFM analysis was performed to study the surface morphology after

reduction in H2 at 903 oC for 5 minutes.
By mixing the catalyst solution with a polymer, the nanoparticles dispersion was
greatly improved, giving rise to two populations: (i) discrete particles, and (ii)
agglomerates. The particle agglomeration was not excluded but greatly reduced, due to
the particle-surface chemistry interaction. Therefore, the agglomerate population was
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found to be on the order solvent/polymer as acetone < acetone/PS << hexanes/PP <
hexanes.
The sapphire surface became hydroxylated after cleaning due to the NaOH. Since
the iron oxide was functionalized with an oleic acid, the ligand competed between the
particles and the –OH groups on the surface, consequently reacting with to the -OH
making the particles to agglomerate or “crash”. It is for this reason that reproducibility
was not achieved without a polymer-solution mixture, resulting in different dispersions
on the surface for the Fe3O4/hexanes solution on sapphire, annealed in H2 for 5, 10 and
15 minutes at 853 oC and 903 oC.
The Ostwald ripening experiments were done as a function of thermal annealing
in H2 for 5, 10 and 15 minutes at 903oC on a-Al2O3 and -Al2O3. Based on the available
data points, the n mean radius of a-Al2O3 and -Al2O3 were proportional to the annealing
time. The proportionality constant or coarsening rate, K, was obtained from the slope of
the linear equation

0

. if n = 4 or n = 3, the process is controlled

by surface or bulk diffusion respectively; Fig. 6.14a,b compares the mean radius of n = 3
and n= 4 vs annealing time. Note that only three data points were plotted, making
difficult to conclude if the process was controlled by surface or bulk diffusion. Due to
the limitations of the CVD reactor for very slow heating and cooling rates, 25 oC/min for
heating and 5 oC/min for cooling, it was not possible to carry out rapid experiments and
collect data points at times < 5 min.
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The proportionality constant for the kinetic equation of the LSW theory (19), K,
was found to be higher on sapphire than sputtered alumina from 5 to 6 times higher
depending on the n value. Therefore the ripening rate of the particles was found to be aAl2O3 < -Al2O3.
The particle size distribution was investigated following growth of the SWNTs on
C- and A- face sapphire substrates. After reducing the catalyst for 5 min in H2 and
flowing CH4 for 15 min at 903oC, it was found that the Ostwald ripening rate of the
catalyst nanoparticles were in the order of C- face < A- face sapphire, resulting in the
same order for the CNT diameter distribution (calculated from AFM).

Raman

spectroscopy confirmed the growth of SWNTs with different diameters and chiralities
distributions on the sapphire substrates. It was validated from literature, that C- face gave
rise to random orientation as opposed to aligned SWNTs in the A- face sapphire.
Moreover, as opposed to literature not only aligned SWNTs existed on the A- face, but
instead other CNT arrangement was found, which need to be further investigated.
In order to further developed a theoretical prediction for the Ostwald ripening of
the catalyst nanoparticles, is imperative to obtain uniform dispersion on the surface and
take into consideration the particle-surface chemistry. Therefore the development of a full
theoretical correction to the classical kinetic LSW-equation was not possible at this time.
In fact, these results served as the initial steps for the development of further experiments
that will enable a kinetic equation to predict the Ostwald ripening of the catalyst, and how
the growth of CNT is affected. These will result as a critical theoretical prediction to
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explain and understand why nanotubes stop growing, consequently being able to
accelerate the achievement of chirality control.

107

Chapter 8: Conclusions

This is the first quantitative analysis of the Ostwald ripening rates of Fe on
aluminum oxide surfaces. It was demonstrated that the number density of Fe particles
decreases while the average particle size increases as a function of time and substrate,
thus obeying the Ostwald ripening theory. As a result the Ostwald ripening rates was
found to be 5-6 times higher on c-cut sapphire than sputtered alumina, showing a
dependence on the particle-surface system not considered on the classical LSW theory.
Also, the Ostwald ripening of “inactive” Fe catalyst particles can be studied for low
density of CNTs. Finally, this will establish a tool for rational design of catalyst for
CNTs.
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Chapter 9: Future Work

The goal for the future work will be, the development of a theoretical Ostwald
ripening prediction (equation) of catalyst nanoparticles that are used for the nucleation
and growth of CNTs. The best approach to avoid any problem with the particle-surface
chemistry will be to reproduce published results on the growth of CNTs on sapphire
substrates. Various metal catalysts had shown to disperse on the surface of sapphire as
discrete nanoparticles ensembles. Fig. 8.1 shows the various metal catalyst used for the
growth of CNT on sapphire: (A) ferritine [104] (B) Fe-Mo [105] (C) sputtered 0.5nm thin
film Cobalt (Co) [57].
The Ostwald ripening of the catalyst nanoparticles will be explored further for all
the crystallographic faces of sapphire. In order to develop the theory, it will be needed to
explore at least: 3 concentrations of the metal catalyst, 4 annealing temperatures in H2,
various time in the short range (15-60 s) and on the higher end (5-30 min), for sufficient
data points. For the growth of CNTs, it will be used the same conditions mention for the
Ostwald ripening experiments by keeping constant the hydrocarbon flow rate-time.
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Figure 8.1 Various metal catalysts used for the growth of CNT on sapphire. (A) AFM image of ferritin
catalyst [104] (B) AFM image of Fe-Mo catalyst [105] (C) SEM images of Co particles on (a) A-, (b) R-,
and (c) C-faces, and corresponding histograms of Co particle size on (d) A-, (e) R-, and (f) C-faces. The
particles were formed using Co deposition at 0.5 nm in nominal thickness [57].
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